Long-term function of kidney allografts depends on multiple variables, one of which may be the compatibility in size between the graft and the recipient. Here, we assessed the long-term consequences of the ratio of the weight of the kidney to the weight of the recipient (KwRw ratio) in a multicenter cohort of 1189 patients who received a transplant between 1995 and 2006. The graft filtration rate increased by a mean of 5.74 ml/min between the third and sixth posttransplantation months among patients with a low KwRw ratio (Ͻ2.3 g/kg; P Ͻ 0.0001). In this low KwRw ratio group, the graft filtration rate remained stable between 6 months and 7 years but then decreased at a mean rate of 3.17 ml/min per yr (P Ͻ 0.0001). In addition, low KwRw ratios conferred greater risk for proteinuria, more antihypertensive drugs, and segmental or global glomerulosclerosis. Moreover, a KwRw ratio Ͻ2.3 g/kg associated with a 55% increased risk for transplant failure by 2 years of follow-up. In conclusion, incompatibility between graft and recipient weight is an independent predictor of long-term graft survival, suggesting that avoiding kidney and recipient weight incompatibility may improve late clinical outcome after kidney transplantation.
The effect of nephron reduction has long been described in animal models as well as in humans 1, 2 and is thought to be a potential "nonimmunologic" risk factor for chronic graft dysfunction after kidney transplantation. 3, 4 The paradigm generally considered to account for the deleterious effect of nephron reduction on graft function is that of "adaptive" hyperfiltration of the remaining glomeruli, ultimately leading to glomerulosclerosis. [5] [6] [7] In accordance with this hypothesis, individuals who have undergone nephrectomy have been shown to develop high BP and proteinuria decades after the nephrectomy, 8 -11 as in the case of older recipients with a higher body mass index 12 ; however, renal insufficiency only appears in the case of a 75% reduction in kidney mass and after at least 10 years of follow-up. 9 Kidney transplantation has been proposed as an accelerated model of nephron reduction resulting from the accumulation of several unfavorable factors. For example, repeated injuries, from initial brain death of the donor 13 to ischemia-reperfusion injury, 14 negatively affect the transplant. Moreover, superimposed immunologic and nonimmunologic events further decrease the initial nephron mass of a transplant and serve only to exacerbate the consequences of hyperfiltration related to its single kidney status.
Given that kidney weight (Kw) and glomerular volume (but not nephron number) correlate with body surface area (BSA), 15 several studies have already analyzed the effect of donor and recipient BSA mismatches. 7,16 -19 The effect of kidney graft size and recipient weight (Rw) 20, 21 has also been studied; however, the direct impact of matching the Kw itself (which correlates with both glomerular volume and nephron number) 15 to the Rw has been studied only in relatively small cohorts of Ͻ300 patients and only in living donors, 22, 23 where the graft does not incur the same accumulating injuries as those from deceased donors.
We previously reported on the results of a first study 24 focusing on the impact of graft weight on clinical outcome; however, within the relatively short survey period of the latter study (mean 32 months; range 8 days to 94 months), no impact on short-term graft survival was observed. Because renal failure has been described a decade after nephron reduction, 3,10,25 we reappraised our historical cohort to which an additional 47 patients were included (whole population n ϭ 1189) at a mean of 6.2 years from transplantation (range 8 days to 13 years). We now report that the magnitude of the Kw and Rw incompatibility is significantly associated not only with sustained "adaptive" hyperfiltration and early proteinuria but also with an increased risk for hypertension requiring more medication, a higher incidence of segmental or global glomerulosclerosis, and a significantly poorer long-term transplant survival.
RESULTS

Demographic Analysis
Of the whole population of 1060 kidney recipients included in the statistical analysis, 938 (88.4%) had received a first kidney graft, 62% were male recipients with a mean age of 45.6 Ϯ 13.1 years, and 68% were male donors with a mean age of 39.8 Ϯ 15.3 years. No statistical difference of demographic characteristics was observed according to the KwRw ratio threshold of 2.3 g/kg, except for an expectedly higher number of male donors and female recipients 26 in the highest ratio (Ն2.3 g/kg; Table 1 ) and a higher donor creatinemia that correlated with heavier male donors.
Correlation of the KwRw Ratio with Kidney Graft Function
We first analyzed the relationship between the KwRw ratio and the estimated GFR (eGFR) so as to test the hypothesis that hyperfiltration is linked to the level of Kw and Rw incompatibility. The mean eGFR was 79.13 ml/min at 3 months of follow-up. Three slopes were estimated in terms of graft function evolution during the study follow-up period: 3 to 6 months, 6 months to 7 years, and Ͼ7 years. Figure 1A shows that the change in eGFR kinetics estimated by multivariate mixed linear regression was statistically different between the two KwRw ratio groups in the absence of acute rejection episodes. Indeed, we found that patients with a KwRw ratio Ͻ2.3 g/kg dramatically increased their eGFR by a mean of 5.74 ml/min between 3 and 6 months (P Ͻ 0.0001) before reaching a plateau at 6 months. No major additional changes in the eGFR values were observed between 6 months and 7 years (P ϭ 0.0759); however, after 7 years, the eGFR dropped dramatically at a mean rate of 3.17 ml/min per yr (P Ͻ 0.0001). In contrast, for recipients with a KwRw ratio Ն2.3 g/kg, the eGFR increased significantly less than for the small KwRw ratios (3.22 ml/min between 3 and 6 months; P Ͻ 0.0001). After 7 years, the eGFR decreased at a much slower rate than that observed for small weight ratios (1.34 ml/min per yr; P Ͻ 0.0001). Several other classical independent risk factors identified by the multivariate analysis as significantly influencing graft function are described in Table 2 .
Association of Acute Rejection Episodes and KwRw Ratio with Graft Function
We also observed an interaction between the KwRw ratio and acute rejection episodes (AREs). In fact, during AREs within the first 6 months, patients with KwRw ratios Ͻ2.3 g/kg presented a more pronounced loss of graft function (11.53 ml/ min) than those with KwRw ratios Ն2.3 g/kg (5.68 ml/min; P Ͻ 0.0001; Figure 1B ). These data emphasize that factors having a serious additional detrimental effect on graft eGFR, such as AREs, exhaust the functional reserve of the graft.
Correlation of the KwRw Ratio with Daily Proteinuria
Fifty-four percent of patients with a KwRw ratio Ͻ2.3 g/kg had proteinuria Ͼ0.5 g/24 h at 1 year compared with 43% with a KwRw ratio Ն2.3 g/kg (P Ͻ 0.01). The results of the multivariate analysis presented in Table 3 show that male recipients (relative risk [RR] 1.23; P ϭ 0.036), an incremental increase in donor age of 10 years (RR 1.34; P ϭ 0.012), delayed graft function (DGF; RR 1.49; P Ͻ 0.0001), ARE (RR 1.51; P ϭ 0.0005), and a KwRw ratio Ͻ2.3 g/kg (RR 1.35; P ϭ 0.0062) were independent risk factors for a 1-year proteinuria Ͼ0.5 g/24 h.
Patients with Low KwRw Ratios Take Antihypertensive Drugs More Frequently and in Greater Numbers
A subgroup of the 468 patients of the Nantes Centre cohort, for whom corresponding data were prospectively collected, were used to study a possible correlation between hypertension and CLINICAL EPIDEMIOLOGY www.jasn.org KwRw ratio. At the time of the study analysis, 90% of patients with a KwRw ratio Ͻ2.3 g/kg received at least one antihypertensive drug versus 81% in the high ratio group (P ϭ 0.04). Moreover, 75% of patients with a KwRw ratio Ͻ2.3 g/kg received at least two antihypertensive drugs versus 60.2% in the high ratio group (P ϭ 0.0074). Conversely, no significant difference was observed in the distribution of angiotensin converting enzyme inhibitor (ACEI; 53.7%) or angiotensin 2 receptor antagonist (A2RA; 43.1%) drugs between the two groups of KwRw ratios, showing that patients with a high KwRw ratio were not specifically overprotected by such drugs (Table 4) .
Patients with a Low KwRw Ratio Present More Glomerulosclerosis in Their Kidney Biopsies
Graft biopsy analysis was performed for 980 patients who underwent indication biopsies at five of the six study centers (data were unavailable from one center for technical reasons). Of the 980 patients, 14.3% (141) had biopsies for abnormal proteinuria and/or decreased graft function at least 1 year after transplantation. Among them, 7.8% presented lesions of segmental or global glomerulosclerosis; 17.1% of these had a KwRw ratio Ͻ2.3 g/kg versus 4.7% who had a KwRw ratio Ն2.3 g/kg (P ϭ 0.027); however, given that this study was not randomized, the P value has to be interpreted with caution. Despite the widely known limitation of retrospective studies, the higher incidence of these lesions in the biopsies of patients with a low KwRw ratio also suggests that glomerulosclerosis could have significantly contributed to shortening graft survival.
KwRw Ratio Is a Risk Factor for Kidney Graft Loss
Finally, we analyzed a possible correlation between a low KwRw ratio and graft survival, which amounted to 80% at 5 years and 65% at 10 years. Several classical independent risk factors were identified by the Cox multivariate analysis 27 as significantly reducing graft survival (Table 5) . Interestingly, this analysis showed that a KwRw ratio Ͻ2.3 g/kg is an independent risk factor for transplant failure after 2 years of follow-up with a 1.55-fold increase in risk (P ϭ 0.016; Figure 2 ). Taken together, our data suggest that in humans, Kw and Rw incompatibility during transplantation engenders the same sequence of events observed in the hyperfiltration paradigm described in animal models 28 and observed in the context of severe nephron reduction in humans. 2 
DISCUSSION
In this report, we reappraised our historical cohort 24 with a much longer survey period. We first tested whether a KwRw ratio incompatibility is an independent risk factor for subsequent hyperfiltration. We showed that a KwRw ratio Ͻ2.3 g/kg results in a much greater adaptive increase in graft GFR than a higher ratio (Ն2.3 g/kg) during the first 6 months. This is followed by a plateau between 6 months and 7 years and a sudden drop in eGFR thereafter. Such eGFR kinetics likely explain the seeming lack of effect of kidney weight (or size) on long-term graft survival in previous short-term studies. 17, 22, 29 It is of importance to note that all patients were maintained on calcineurin inhibitors (CNIs) throughout the follow-up regardless of the KwRw ratio. This rules out the hypothesis that the drop after 7 years observed in the low ratio group could reflect the cessation of CNIs. This observation fits with the description of glomeruli enlargement during the first few months after transplantation associated with a better graft function but finally with a poor death-censored graft survival. 30 In addition, the long-term association between the KwRw ratio and graft survival is in agreement with previous observations in humans, in whom a loss of kidney mass of Ն75% was shown to result in renal insufficiency only after 10 years of functional overload. 9,11 Furthermore, we show here that the adaptive eGFR is impaired after a rejection crisis and that graft function decreases sooner within the context of a low KwRw ratio. This observation provides a new paradigm for understanding how rejection episodes affect long-term graft function in kidneys with functional overload.
It has been shown that 25% of patients have proteinuria 6 months after transplantation. 31 In addition, observations have confirmed that kidney transplants are particularly vulnerable to the adverse effects of proteinuria. 32 In our cohort, we showed that the risk for proteinuria Ͼ0.5g/d at 1 year increased significantly in patients with a KwRw ratio Ͻ2.3 g/kg, fitting with previous observations that nephron underdosing is a major risk factor for proteinuria. 33 We also showed that patients with a low KwRw ratio received antihypertensive drugs more frequently and more intensively than the others, again fitting with the overload hypothesis. 34 Of importance, no difference was found between the two groups in the proportion of patients receiving A2RA or ACEI, corroborating that the KwRw ratio per se plays a role in the development of proteinuria and that the high KwRw group was not "artificially protected" by these drugs. In addition, the subgroup analysis of the kidney biopsies showing significantly more lesions of segmental or global glomerulosclerosis in the group with low KwRw ratio suggests that glomerular protein leakage resulting from overfiltration of transplants performed within the context of small KwRw ratios could lead to chronic inflammation, interstitial fibrosis and glomerulosclerosis, 1, 35, 36 and finally to a decrease in graft function and graft loss. [37] [38] [39] Given that interstitial fibrosis and chronic graft inflammation can be generated by both immunologic and nonimmunologic parameters, we focused exclusively on glomerulosclerosis in our study, even though we are aware that glomerulosclerosis 40 is not specific to glomerular hyperfiltration.
The clinical importance of the KwRw ratio as an independent factor influencing graft survival is roughly comparable to that of the presence of an acute rejection episode or of DGF CLINICAL EPIDEMIOLOGY www.jasn.org after transplantation. 41 Taken as a whole, these data suggest that recording KwRw may help to improve late clinical outcome and may be relevant in the context of poor long-term graft survival 42, 43 when the early benefit of preventing acute rejection is censored.
CONCISE METHODS
Patients
Between April 1995 and January 2006, the weights of 1189 kidney grafts and their corresponding recipients were prospectively and consecutively collected before transplantation. Our institution in Nantes and five other French transplantation centers participated in the study. A total of 129 patients were excluded from the analysis for the following reasons: Missing data (n ϭ 45), recipient age Ͻ18 years (because of the growth-related changes in recipient size after transplantation; n ϭ 20) and simultaneous kidney and pancreas grafts (so as to maintain a homogeneous population in terms of donor and recipient age and cold ischemia time; n ϭ 64). Analyses were thus performed on the 1060 remaining patients for whom full information was available (including seven livingrelated donors). The mean follow-up period was 6.2 years, ranging from 8 days to 13 years. Sixtythree percent of patients received induction therapy with antithymocyte globulins. All patients received CNIs associated with mycophenolate mofetil (51.4%) or azathioprine (26.8%) and/or steroids (94%). Clinical and biologic data for donors and recipients were prospectively collected, double-checked, and centralized within an anonymous and coded study data bank in accordance with the University Hospital ethical committee requirements.
Kidney Weight
The same electronic weighing scales (Maul, France) were located in the operating room. In compliance with common procedure recommendations, kidney grafts were first prepared and then weighed by the surgeon.
Parameters Studied
Donor data included age, gender, creatinemia (mol/L), and Kw (in g). Recipient data at the time of inclusion were age, gender, Rw (Kg), KwRw Recipients with low KwRw ratios (Ͻ2.3 g/kg) have a 1.35-fold greater independent risk for proteinuria above the 0.5 g/24 h threshold than patients with higher KwRw ratios (Ն2.3 g/kg; P ϭ 0.0062). CI, confidence interval. Patients with a low KwRw ratio were statistically more frequently treated for hypertension and received more antihypertensive drugs than patients with a high KwRw ratio. In addition, patients with a high KwRw ratio did not take more ACEI or A2RA drugs than those with a low KwRw ratio. Patients with a KwRw ratio Ͻ2.3 g/kg (small kidneys attributed to large recipients) increase their eGFR by a mean of 5.74 ml/min between 3 and 6 months (P Ͻ 0.0001). Between 6 months and 7 years, no significant changes in eGFR values are observed (P ϭ 0.0759). After 7 years, the eGFR drops at a mean of 3.17 ml/min per year (P Ͻ 0.0001). In contrast, for recipients with a KwRw ratio Ն2.3 g/kg (large kidneys attributed to small recipients), the eGFR increases significantly less than for the small ratios, with only 3.22 ml/min between 3 and 6 months (P Ͻ 0.0001) and a less rapid decrease after 7 years (1.34 ml/min per year; P Ͻ 0.0001). CrCl, creatinine clearance. a Because the interaction between the KwRw ratio and the posttransplantation and the interaction between the KwRw ratio and the AREs are significant, the results are presented according to each group of KwRw ratio (even though no subgroup analysis was performed).
ratio (in g/kg), number of retransplantations, HLA-A-B-DR incompatibilities, highest level of anti-T panel reactive antibodies, and cold ischemia time (in minutes). In addition, the following data were collected from recipients at the time of each follow-up (3, 6, and 12 months and then every year): Weight, creatinemia, eGFR (estimated by the Modification of Diet in Renal Disease [MDRD] formula), and daily proteinuria assessed on 24-hour urine collection (g/24 h). DGF, 41 AREs, and the time of death or definitive graft failure were also recorded. In addition, two subgroup analyses were conducted. The first concerned the biopsies from five of the six centers (data were unavailable from one center for technical reasons). The second addressed the level of antihypertensive treatment, information that had been prospectively computerized in the Nantes cohort only (n ϭ 468) at each outpatient examination after hospital discharge.
Kidney Biopsy Analysis
Kidney biopsy analysis was performed for indication at each center on the 141 patients who exhibited abnormal proteinuria and/or decreased graft function. Biopsy analysis was restricted to those performed at least 1 year after transplantation and those nearest in time to the definitive graft failure. The biopsies were analyzed by two pathologists who were blinded to clinical parameters and KwRw ratios. Specific attention was paid to lesions linked to hyperfiltration (e.g., segmental or global glomerulosclerosis). 40 
Hypertension Analysis
Given that hypertension is a major clinical sign of glomerular hyperfiltration, 2 the proportion of patients receiving at least one antihypertensive drug at the time of the analysis and the severity of the hypertension as assessed by the proportion of patients who were taking two or more antihypertensive drugs were analyzed. Finally, the distribution of patients receiving nephroprotective drugs (A2RA or ACEI) was also studied. Data were collected by an investigator who was blinded to the study parameters.
Statistical Analysis
Correlation of the KwRw Ratio with Graft Survival
Three metrics were first tested using the Hothorn and Zeileis method 44 : Kw alone, KwRw ratio, and Kw to recipient BSA ratio. The principle of this method is to determine the metric and the corresponding cutoff that maximizes the difference between both survival curves on the basis of the log-rank graft survival curves (including patient death). According to this procedure, the KwRw ratio with an optimal cutoff of 2.3 g/kg was determined. This threshold was then used for all subsequent analyses of the study for homogeneous procedures. Kaplan-Meier survival curves were plotted, and the log-rank method was used to test for significant differences in survival distributions (P Ͻ 0.20, univariate analysis). We used an extension of the semiparametric Cox model, 27 which takes into account the possible nonproportionality of covariates. Indeed, it seemed that the hazard ratio of the KwRw ratio was not constant during the posttransplantation period (minus log minus of the survival function). The covariates were retained in the multivariate regression according to a backward procedure (Wald test, P Ͻ 0.05). The statistical analyses were performed using the R software package (http://www.r-project.org) with the survival library. 2 and t tests were used for the subgroup analyses of hypertension and kidney biopsies, respectively.
Correlation of the KwRw Ratio with Graft Function
To evaluate the relationship between the KwRw and the eGFR by the MDRD formula over time, we performed a mixed-effect linear regression taking into account the repetition of graft function measurements (eGFR) for each patient in the longitudinal data set. 45 The optimal modeling of the eGFR evolution was obtained using three slopes (between 3 and 6 months, 6 months and 7 years, and Ͼ7 years after transplantation) that minimized the Bayesian Information Criteria. 46 The relationship between eGFR evolution and KwRw ratio was tested to assess the interactions between time after transplantation and the KwRw ratio. The statistical analyses were performed with the lme library, and the inference assessments Figure 2 . Correlation between the KwRw ratio and the long-term graft survival. Graft survival for the whole population is 80% at 5 years and 65% at 10 years. The correlation between the KwRw ratio and graft survival is not evenly distributed throughout the follow-up period and appears only after 2 years after transplantation (P ϭ 0.016). The KwRw ratio seems to be an independent risk factor for long-term graft survival. Small KwRw ratios (Ͻ2.3 g/kg) have a 1.55-fold greater risk for transplant failure after 2 years of follow-up.
were based on the Wald test. The confidence intervals of the eGFR were obtained using bootstrap resampling methods (100 iterations). 47 
Association of the KwRw Ratio with Daily Proteinuria
An appraisal was carried out on the time between transplantation and the occurrence of proteinuria (first measurement Ͼ0.5 g/24 h). In addition, the same statistical methods as those performed for the graft survival analysis were used.
